A high-strength AZ80 Mg alloy was prepared through multi-direction forging, thermal extrusion, and peak-aged heat treatment. The microstructure, crystallographic orientation and corrosion performance of extrusion-direction, transverse-direction, and normal-direction specimens were investigated using scanning electron microscopy, electron backscatter diffraction, and atomic force microscopy, respectively. Experimental results showed that crystallographic orientation significantly influenced the corrosion performance of AZ80 Mg alloy. Corrosion rates largely increased with decreased (0 0 0 1) crystallographic plane intensity, whereas the (1 0 −1 0) and (2 −1 −1 0) crystallographic plane intensities increased. This study showed that the corrosion rates of alloy can be modified to some extent by controlling texture, thereby promoting the applications of high-strength AZ80 Mg alloys in the aerospace and national-defense fields.
Introduction
Wrought magnesium alloys are attractive for aerospace and automotive industries because of their excellent properties [1] . However, the applications of wrought Mg alloys are hindered by their anisotropy caused by their strong texture [2] [3] [4] . Thus, texture analysis is an important tool for evaluating and understanding Mg-alloy performance [5] [6] [7] . Data on the correlation of texture with the corrosion behavior of AZ31 Mg alloys can be found in literature. Song et al. [8] found that AZ31 alloys exhibit corrosion anisotropy; their measured rolling surface (RS) is found to be more electrochemically stable and corrosion resistant than the cross-section surface (CS). Xin et al. [9, 10] showed that the corrosion rate of AZ31 dramatically increases with decreased (0 0 0 1) texture intensity and increased (1 0 −1 0)/(1 1 −2 0) texture intensity. Shin and Song [11, 12] demonstrated that the relationship between the corrosion performance of crystallographic planes and the different electrochemical activities of RS and CS surfaces originates from the different surface energy levels of the (0 0 0 1), (1 0 −1 0), and (1 1 −2 0) crystallographic planes. Wang et al. also concluded that the surface of an as-extruded AZ31 alloy bar with a high concentration of (1 0 −1 0) and (1 1 −2 0) oriented prism planes is more electrochemically stable and corrosion resistant than that with a high concentration of (0 0 0 2), (1 0 −1 0), and (1 1 −2 0) oriented planes [13] .
High-strength AZ80 Mg alloys are widely used because of their relatively lower price and better mechanical properties than AZ31 alloys [14] [15] [16] . However, the relationship between crystallographic texture and corrosion performance of wrought AZ80 Mg alloys has never been reported. Knowledge on the relationship between the crystallographic orientation and corrosion rate of AZ80 alloys is important because it can guide process optimization to obtain the desirable texture for higher corrosion resistance.
In the present work, high-strength AZ80 Mg alloys were prepared through multi-direction forging, thermal extrusion, and peak-aged heat treatment. The microstructure, texture, and corrosion performance of extrusion-direction (ED), transversedirection (TD), and normal-direction (ND) specimens were investigated. Texture evolution during the extruded processing of Mg alloys was further investigated to understand their effects on the anisotropy of anticorrosion properties. Corrosion rates were found to largely increase with decreased (0 0 0 1) crystallographic plane intensity and increased (1 0 −1 0) and (2 −1 −1 0) crystallographic plane intensity. The corrosion rates of alloys in the service environment can also be modified to some extent by controlling their texture, thereby promoting the applications of high-strength AZ80 Mg alloy in the aerospace and national-defense fields.
Experiments
The material initially used was an as-cast billet with an average composition of Mg-8.87A1-0.62Zn-0.15Mn-0.0034Fe-0.02Si (wt%). The billet (760 mm × 1250 mm) was homogenized at 410°C for 24 h, treated by multi-direction forging at 350°C-400°C, and then extruded at 360°C to a rectangular plate with dimensions of 230 mm × 140 mm (extrusion ratio = 10:3). Finally, the extrusion AZ80 alloy was peak aged at 175°C for 24 h. The ED, TD, and ND specimens were cut from a peak-aged AZ80 alloy square rod (Fig. 1) .
The texture and grain size of peak-aged AZ80 alloy coupons were determined by the electron backscatter diffraction (EBSD) technique. For the salt spray test, polarization-curve analysis, and AC impedance measurements, samples were molded into epoxy resin with only one side exposed as the available working surface. Their ND, TD, and ED surfaces were polished with up to 5000 grit SiC paper and then tested in 3.5 wt.% NaCl solution in salt spray [17] . Polarization curves and AC-impedance spectra were obtained with a Solatron 2273 system. Potentiodynamic scanning was performed at a rate of 0.5 mV/s after the cell was held at the open-circuit potential (OCP) for 400 seconds. Impedance was measured with the frequency ranged from 10,000 Hz to 0.1 Hz with 5 mV of amplitude of sinusoidal potential signals with respect to the OCP. After three days of salt spray in 3.5 wt.% NaCl, the specimens were cleaned in 200 g/LCrO3 + 10 g/L AgNO3 [18] . Atomic force microscopy (AFM) measurements of the detailed corrosion morphologies and pitting depth were imaged using an Agilent 5400 in tapping mode.
Results and discussion

Anisotropy of the microstructure and crystallographic orientation
The microstructures mainly consisted of primary α and eutectic precipitates (Fig. 2) . Results showed that most grains recrystallized and that the originally deformed grains were depleted by the dynamic recrystallization grains. The average grain sizes of the three types of AZ80 specimens were similar, which implied that the grain-size difference was not responsible for the corrosion-rate difference among the different specimen types. A large amount of precipitates was observed to be distributed throughout the matrix for all specimens. The average sizes of these precipitates were slightly dispersed in morphology, whereas volume fraction was higher. These precipitates, as the cathode of electrochemical reactions, accelerated the corrosion process [19, 20] .
Actually, there was a difference at the volume fraction and distribution of Mg17Al12 phases in the three samples, and the volume fraction of precipitation phases in the ND sample showed the lowest value (Fig. 2) . Then, the areas of the precipitated phases were counted by software (Image Pro Plus 6.0): (a) ND sample = 8.512%; (b) TD sample = 9.975%; (c) ED sample = 12.305%.
However, the distinction located that precipitated phases of the ED sample nearly connected into nets in many areas. In compassion with crystallographic orientations, the precipitated phases played a dual role in the corrosion resistance for aluminum-containing Mg alloys according to the classical theory of Song and Atrens [21] . The phases played dual roles that depended on the amount and distribution. The presence of the phase in the alloys could deteriorate the corrosion performance as it could act as an effective galvanic cathode. Otherwise, a fine and homogeneous phase appeared to be a better anti-corrosion barrier. Zhao et al. [22] also studied the relationship between the microstructure and precipitated phases of AZ91D alloy, which demonstrated that discrete precipitated phases preferentially accelerated the micro-galvanic corrosion process and then the interconnected precipitated phases improved the corrosion properties.
What's more, alloying magnesium with aluminum in general improves the corrosion resistance [23] [24] [25] . It is reported that the corrosion rate decreases rapidly with increasing aluminum up to 4%. Further aluminum additions up to 9% give only a modest further improvement. Most importantly, the beneficial role of aluminum was generally believed to be a result of β-phase precipitation, which has an important role as a corrosion barrier. In addition, the influence of the aluminum in increasing the corrosion resistance appears to be due to the aluminum altering the composition of the hydroxide film formed on the surface [26] . As shown in Fig. 2a and b , the Mg17Al12 phase precipitated was along the grain boundary, which would be as the cathode of electrochemical reactions to accelerate the corrosion process. But from the ED sample in Fig. 2c , an amount of the precipitated phase Mg17Al12 formed a continuous distribution in many areas on the grain boundaries, which were served as the corrosion barrier. Thus, the crystallographic Fig. 1 . The ED, TD, and ND specimens cut from a peak-aged AZ80 alloy square rod.
orientations played a more important role than the precipitated phases in the corrosion resistance.
The microstructures of ND, TD, and ED specimens were examined by EBSD to understand the microstructure evolution during the process of wrought-alloy production (Fig. 3) . The grain colors in the maps corresponded to the crystallographic axes shown in the inserted stereographic triangle. We determined that the (0 0 0 1) base planes of most grains were parallel to the ED. The c-axes of the grains were nearly normal to the exposed surface on the ND specimen. However, these results also confirmed that the TD and ED specimens mainly consisted of (1 0 −1 0) and (2 −1 −1 0) crystallographic plane intensities, respectively. This conclusion was consistent with the basal texture commonly reported for extrusion AZ80 alloy sheets [27] .
Anisotropy of corrosion rates and surface morphologies
The corrosion rate of the specimens was calculated using C = (W0 − W1)/S, where C is the weight loss of metal because of corrosion (g·m −2 ), W0 is the original weight (g), W1 is the final weight without corrosion products (g), and S is the surface area (m 2 ). Each type had three specimens, so the corrosion rates were the average value. Fig. 4 shows that the ED specimens had the highest corrosion rate of 4.5259 mg·cm . The corrosion rate followed the order ND < TD < ED, indicating that the ND surface of AZ80 Mg alloy square rod surface exhibited the highest corrosion resistance, whereas the ED surface had the lowest corrosion resistance.
Based on the above conditions, the relationship between corrosion rate and crystallographic plane was observed. Corrosion rate increased with decreased (0 0 0 1) crystallographic plane intensity and increased (1 0 −1 0) and (2 −1 −1 0) crystallographic plane intensities. This phenomenon can be due to the different crystallographic grain orientations having different electrochemical activities. A previous study on the relationship between corrosion rate and crystallographic plane energy has suggested that the activation energy for the dissolution of a densely packed surface is higher than that for the dissolution of a loosely packed one [28] . Song [8] theoretically proved that the energy of Mg (0 0 0 1), (1 0 −1 0), and (1 1 −2 0) surfaces is 1.808, 1.868, and 2.156 eV/nm 2 , which can be , and 2.99 × 10 4 J/mol, respectively. Thus, the (0 0 0 1) crystallographic plane has the lowest surface energy and should dissolve slower than the (1 0 −1 0) and (1 1 −2 0) crystallographic planes. According to the hexagonal close-packed (hcp) structure of Mg, (1 1 −2 0) and (2 −1 −1 0) crystallographic planes both belong to the same crystal family, so they have the same crystallographic intensity, surface energy, and electrochemical activity. Therefore, the NS surface mainly consisted of (0 0 0 1), whereas the TD and ED surfaces mainly comprised (1 0 −1 0) and (2 −1 −1 0) crystallographic planes.
After salt-spray exposure, the corrosion products that formed on the specimen surfaces were removed by pickling. A slight corrosion attack occurred horizontally between the matrix and precipitates of ND specimen, as shown in Fig. 5a , whereas corrosion-damage patterns were irregularly distributed over the TD (Fig. 5b) and ED (Fig. 5c) specimens. This finding further proved that crystallographic texture determined the corrosion rate. Thus, corrosion pits increased because of the decrease in (0 0 0 1) and increase in (1 0 −1 0)/(2 −1 −1 0) crystallographic planes. This phenomenon was due to the micro-galvanic effect resulting in a preferential corrosion of (1 0 −1 0) and (2 −1 −1 0) oriented grains.
Anisotropy of electrochemical characteristics
The OCP was found to be comparatively stable before measurement. Moreover, a corrosion product film formed on the specimen surfaces, and no clear localized corrosion occurred. The cathodic Tafel slopes were similar among specimens under different conditions, which indicated that hydrogen evolution occurred [29] .
Interestingly, the polarization curves (Fig. 6 ) showed that ND surface had a more positive OCP than other surfaces. In other words, the OCP of the closely packed (0 0 0 1) crystallographic plane was more positive than that of the less densely packed (1 0 −1 0)/(2 −1 −1 0) crystallographic planes. Thus, electrochemical activity followed the order (0 0 0 1) > (1 0 −1 0) > (2 −1 −1 0), meaning that the high-strength AZ80 Mg alloy had a strong corrosion-resistance anisotropy mainly dependent on the crystallographic grain orientation. According to a previous study, the relationship between grain orientation and corrosion performance can be indicated by the activation energy for crystallographic-plane dissolution. Furthermore, atoms in lower-surface-energy planes dissolved relatively more slowly [30] .
In theory, the electrochemical corrosion rate of the Mg alloy can be calculated by Iα = nFk exp[(Q + αnFE)/RT], where n is the number of electrons involved in the reaction; k is a reaction constant; F, R, T, E and α are Faraday constant, gas constant, absolute temperature, electrode potential, and transit coefficient, respectively; and Q is the activation energy for a metallic ion to escape from the metal lattice and dissolve into the solution [10] . Song [8] In addition to the influence on anodic dissolution, crystallographic-plane energy also indirectly affected the cathodic hydrogen evolution. A higher-energy crystallographic plane enabled a higher density of hydrogen-adsorption sites, which benefited water or proton adsorption and accelerated the hydrogen reaction. Therefore, a closely packed plane with a higher surface energy can have a better catalytic effect on hydrogen reduction, which explained the higher cathodic current density of ED than TD and ND in the polarization curves. However, the influence of surface energy was indirect and thus had a less significant effect on the activation energy for hydrogen reaction than on that for Mg dissolution. Therefore, the difference in cathodic current density among ND, TD, and ED was less than that in anodic current density.
Conclusion
(1) A high-strength AZ80 Mg alloy was prepared through multi-direction forging, thermal extrusion, and peak-aged heat treatment. The ND surface of an AZ80 square rod mainly consisted of a closely packed (0 0 0 1) crystallographic plane with low surface energy. A amount of the precipitated phase Mg17Al12 formed of TD and ND samples was along the grain boundary, which would be as the cathode of electrochemical reactions to accelerate the corrosion process. Amounts of precipitated phases of ED sample formed a continuous distribution in many areas, which played a role in the corrosion barrier. The crystallographic orientations played a more important role than the precipitated phases in the corrosion resistance. Thus, Nd sample's anodic dissolution and cathodic hydrogen evolution were more difficult than those of TD and ED surfaces, wherein most grains had (1 0 −1 0) and (2 −1 −1 0) orientations, respectively. (2) The corrosion rate of different crystallographic planes of AZ80 Mg alloy was estimated based on an electrochemical-dissolution-rate equation. Findings indicated that the theoretical dissolution rates of crystallographic planes were as follows: (0 0 0 1) > (1 0 −1 0) > (2 −1 −1 0). (3) Different locations in the interior of the AZ80 alloy billet were subjected to different stresses and strains in multi-direction forging and thermal extrusion. Given the low symmetry of the hcp crystal structure, the AZ80 alloy square rod showed evident anisotropy in different directions and influenced corrosion performance. The crystallographic grain orientations played an important role, which indicated that material performance can be modified to some extent by controlling texture. All these results can help expand the applications of high-strength AZ80 alloys in the aerospace and national-defense fields.
